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Introduction
The wide spectrum of applications with reference to polymer composites causes that they are exposed to many degradation factors which have significant impact on their functional properties. These are both environmental factors (e.g temperature, microorganisms or UV radiation) [1, 2, 5, 6, 8, 10, 12] and fatigue ones (e.g. the value of tensions, frequency) [4, 18, 19] . Synergism of the phenomena triggered by these factors leads to gradual material degradation, which is particularly important in the case of polymer material [18, 22] .
Properties of the polymer constructional composites, including glass-polyester ones depend, among others, on characteristics of input materials (reinforcements, matrixes), their mutual, adhesive connection and the technology of production. If wrongly matched, even one of the factors, causes the decrease in composite properties. Relatively large impact on the quality of obtained composites has the technology of their production [9, 11, 13] . It has been proved that in the winding technology [11] wrongly matched tension force causes bad fiber supersaturation, which in turn leads to appearance of flaws like voids or discontinuities.
Małgorzata SzyMiczek
Ultrasonic and thermal testing as a diagnostic tool for the evalUation of cUmUlative discontinUities of the polyester-glass pipes strUctUre Badania Ultradźwiękowe i termowizyjne jako narzędzie diagnostycznej oceny kUmUlacji nieciągłości strUktUry rUr poliestrowo-szklanych* Identification of changes appearing in composites has been widely researched. Studies of epoxy-carbon composite structure conducted by Tarlej [18] allowed to define subsequent stages, from cracks individual fibres, through micro-cracks matrix, breaking the adhesive bonds up to delamination. These are, first of all, the effects of composite fatigue degradation. Particularly importance for the observed degradation processes is the heat, which, according to the Arrhenius law [10] , accelerates to large extent the rate of reaction. Combination of thermal effect with e.g. UV radiation or water, results in, among others, the release of free radicals or hydrolysis reaction. Water absorption, which indirectly allows the evaluation of degradation level, is determined by material, exploitation temperature and the working environment [5, 6, 15] . The evaluation of the degradation level with reference to composite materials makes the basis to assess the usefulness of given construction for exploitation. The methods described in scientific works [2, 12, 18, 19] cause the failure of the construction which is costly and may prove unjustified. Constant monitoring of the impact of degradation processes on every stage of their use, up to its failures, makes it possible to predict the time of construction safe usefulness. Such observation is possible thanks to non-destructive research methods e.g. ultrasonic, thermovision and radiographic, which allow non-invasive diagnosing of the composite construction condition. [3, 8, 17, 20, 23, 24] .
The aim of the work was to develop a methodology for evaluating the accumulation of discontinuities with the application of non-destructive methods. Commercial polyester-glass pipes produced by a method of helical filament winding were tested. The observed discontinuities were the result of post-production flaws, but first of all, the aging-fatigue degradation process. Evaluation of the degradation degree directly related to the process of discontinuities propagation was performed with the use of active thermography and ultrasonic inspection. Diagnostic characteristics were the heating and cooling rate estimated from the temperature
Within the presented work, the evaluation of progress in composite degradation was conducted in accordance with the established methodology, which makes use of measurement of transition time of the ultrasonic wave as well as the rate of the heating and cooling (thermovision). The changes in structure were indirectly established on the basis of water absorption.
Experimental research

Research program
The experimental part of the work include the following research:
ageing-fatigue,
water absorption. • Ageing-fatigue research, the aim of which was to obtain the proper of composite pipes degradation level, were conducted in the thermostatic water bath at the temperature of 30°C, with the cycle of stress amplitude of 3 MPa with rectangular extortion and the time of 7 s (1,5s time of pressure increase, 2s time of maintaining the maximum pressure). The way of pipes assembly and sealing, described in [22] assured the elimination of longitudinal stress which is in compliance with the theory of exerting pipes without bottoms, on the basis of the Huber's hypothesis of reduced stress [7] . The designed system of mounting caused that a pipe was only subjected to hoop and longitudinal deformation, which is shown in Fig.1 , with radial stress negligible. On the inside surface they amount to 7 MPa, while on the outside surface they equal zero. Hoop stresses at the maximum load of 7 MPa are 96.95 MPa and 89.95 MPa respectively. Under given load, the increase of a pipe diameter occurs as well a decrease of length of a tested pipe.
Thermovision tests were conducted at the working station described in the work [17] . The changes of temperature during the heating and cooling were determined on the basis of thermovision tests by activating thermally the outside surface of a pipe for 60 s. The change in temperature in time, recorded by means of thermovision camera Flir A615, which was used to establish the rate of heating and cooling.
The transition time of the ultrasonic wave was determined in the aquatic environment with the use of heads Parametrics with the frequency of 2.25 MHz co-operating with the defectoscope UMT 17.
The research on water absorption, which indirectly allowed the evaluation of the structure condition, was conducted in accordance with the procedure described in the norm PN-ISO 8361-1:1994 [14] . The thermovision, ultrasonic and water absorption research were conducted successively, initially (up to 10×103 cycles) at 2.5×103 fatigue cycles, and the every 10×10 3 cycles.
Research material
The research was carried out glass-polyester pipes produced by winding method. The winding angle was 54°, with glass weight participation of 52%. For the matrix the composition of polyester resins Polimal 104 TS and Estromal 14.CNP -03/P was used. These are the resins containing flame retardant substances which make it possibile to obtain the flammability class V0 according to the norm PN-EN 60695. As the reinforcement glass roving ER 3003 was used with vinyl-silane aperture; as far as interlayers are concerned, the glass mat EMC 300 with silane preparation was applied. The endings of pipe samples were strengthened by hoop wound collars. The aim of the collars was to ensure the proper ring stiffness in the sealing places. Figure 2 presents the view of the sample with 16 measurement points marked 4 on each of forming, designated by its axial rotation of 90°.
Before the beginning of the ageing-fatigue research, all the samples were subjected to hardening process at the temperature of 60°C for 24 h. The result was to stabilize properties pipes. sciENcE aNd tEchNology
The tests of water absorption were conducted on the samples in the shape of beams measuring 95×20×6 mm, cut out of the central part of pipes marked as C in the Fig. 2a. 
The results and the analysis.
Ultrasonic tests
On the basis of the conducted ultrasonic tests, the transition time of the ultrasonic wave was determined in the marked measurement points (Fig. 2b) depending on the number of fatigue cycles. The changes in the transition time of the ultrasonic wave allow the evaluation of structural changes which occur during the process of ageingfatigue degradation. It is much shorter in the areas in which discontinuities occur. Figure 3 presents the distribution of the transition time on the surface of the pipe (in accordance with Fig. 2b ) On the circuit, the given measurement points were marked, with the transition time of the ultrasonic wave on the axis y. This is the standard diagram for the pipe subjected to fatigue load according to given parameters and 50x10 3 fatigue cycles. The observed discrepancies for the sample not subjected to the process of ageing-fatigue degradation result from variable wall thickness of the pipe, which is connected with the production technology. Figure 4 shows the change in transition time of the ultrasonic wave for two points 14 and 10, chosen on the basis of observed changes for the investigation characteristics. In point 14 a rapid decrease in the transition time occurs which confirm macrocracks. Point 10 shows slow, continuous shortening of transition time. The changes in transition time of the ultrasonic wave illustrate the progressive process of ageing -fatigue degradation which manifests itself in microdefects in the first stage (minimal shortening of the transition time) being the potential area of cracks nucleation leading to delamination.
The changes in transition time of the ultrasonic wave are described by a second degree polynomial: curve a): with a correlation coefficient R = 0,989.
Relations 1 and 2 allow to obtain the best fit of approximation function for the research results. These are however, the significant relations for the tested glass-polyester wound pipes subjected to the ageing -fatigue degradation process within the established range.
As it can be observed in Fig. 3 and 4 , in the first phase of the research, the transition time of ultrasonic wave does not change or it changes slightly. Developed curves a and b (Fig. 4) cross in point A i.e. about 30×10 3 fatigue cycles. The clear shortening of wave transition time correspond to structural changes observed, first of all as a result of fatigue degradation.
Due to the differences in the measured transition time, resulting from the thickness of samples (7±1 mm) and progressive destruction process, the analysis of the frequency in which the given value of transition time in the subsequent phases of degradation process appeared. Assuming the frequency function of occurrence of examined value to be in accordance with Gauss' distribution, the most common value was established. Such established value was taken as the basis to determine the relation between the transition time of the ultrasonic wave and the number of cycles. Figure 5 shows the function of given value occurrence frequency for the exemplary samples, not subjected to the ageing-fatigue process. It is described by the following equation: correlation coefficient of the function described by relation 3 equals R = 0.99.
Together with the progression in the ageing-fatigue degradation process, the decrease in the correlation coefficient with reference to occurrence frequency function for given transition time of the ultrasonic wave value was observed (it complied with the Gauss' distribution as much as up R = 0.68 at the number of cycles 150×10
3 ) as well as its flattening, which confirms the increase in the results dispersion. The obtained values are still within the 30% dispersion range, which is acceptable in case of composites. Figure 6 shows the relation of the transition time of the ultrasonic wave in the function of the number of fatigue cycles, determined in accordance with the above described procedure.
The results were approximated by exponential function, which, like in relations 1 and 2 is the best way to describe the transition time by the function of the number of cycles (correlation coefficient R=0.95), in the following form: As it can be observed in Fig. 6 , in the first phase of degradation process, i.e. about 5×10 3 fatigue cycles, the transition time of the ultrasonic wave changes to a very limited extent. Micro-cracks that accompany the degradation process manifest moderate and even decrease in the transition time. More rapid change, in an individual case may be caused by the accumulation of discontinuities or delamination. In the diagram (Fig. 6 ) this effect is observed in the rapid form after about 80×10 3 number of cycles. The decrease is explained by the advancement level of the fatigue defects accumulation. Quantitative identification of established correlation may be assumed as diagnostic basis for the degree of exhaustion for the loading capacity of the examined materials.
Thermovision test
On the basis of thermovision temperature distribution on the external surface of the pipe obtained during the thermovision research (Fig. 7) the analysis was conducted which referred to the changes in the material condition, depending on the number of fatigue cycles. The analysis was conducted on the basis of designated changes in rate of heating and cooling. In figure 8 , the pie charts of changes in the heating (Fig. 8a ) and cooling rate (Fig. 8b) are shown for a chosen pipe subjected to the process of ageing-fatigue degradation after 30×10 3 of cycles. Area A, in which structural changes occur, was marked. Figures 8 and 9 show the diagrams of changes in rate of heating and cooling observed in points 10 and 14 (clear cracks) of the same pipe. The results of its ultrasonic tests were presented in Fig. 3 and 4 .
Obtained results were approximated by second degree polynomial. The changes in heating rate may be described:
curve (a) in the area without delamination: • It was observed that the flaws in the shape of microcracks do not essentially influence the changes of examined thermal characteristics. As far as delamination and cracks are concerned, they result in rapid changes in both heating and cooling temperatures. It is mainly caused by the changes in thermal conductivity and specific heat, which in turn is indispensably connected with the appearance of structural flaws. In the quoted example, the areas (points 13-16, and 5-6) with clear cracks in composite layer could have been easily observed.
Due to discrepancies in the designated heating and cooling rate in the whole population of examined samples, in order to determine the value of given rate in the next phase of degradation, the analysis was conducted, concerning the frequency of occurrence with the described function, in compliance with Gauss' distribution. Figure 10 shows designated functions of occurrence frequency with reference to heating (Fig. 10a) and cooling (Fig.10b) rate for a pipe which was not subjected to degradation with coefficients respectively for a process:
thermal activation: The correlation coefficients presented in Fig. 10 were decreasing together with the progress of degradation process. It is a process similar to the one observed in case of the transition time of ultrasonic wave.
An important advantage of non-destructive thermovisual diagnostics is the posssibility of observing lad localize the flaws on the depth as early as at the stage conducting registration of temperature distribution. It is possible, among others, thanks to the temperature contrast principle [23] . The higher under the surface the flaw is located, the higher is the heating temperature. On the basis of the non-destructive thermovisual research conducted, the characteristics concerning the changes in heating and cooling temperatures in the function of the number of cycles were created (Fig. 11) . The dependence were approximated by the second degree polynomial, which has the following shape: for the heating phase: • 6 2 4
1.36 -1 .83 0,17
with correlation coefficient R = 0,97, for the cooling phase: • 6 2 7
1.11 -1 .43 0,12
with correlation coefficient R = 0,93.
Higher rates were observed for the cooling process.
Water absorption research
The results of water absorption in the function of the cycles number is shown in Fig. 12 . Water absorption in a given point is the average out of 15 values after rejecting the extreme ones. As it can be observed water absorption increases with the progress in the propagation of damage, which results from fatigue degradation.
The results were approximated by the exponential function in the following form: /46,66 1.67 1.51
with correlation coefficient R = 0.98.
The observed changes in water absorption may indirectly characterize the condition of the composite layer structure. The more defects within the volume of material, the higher is the water absorption, which was published, among others in work [21] . Microcracks appearing as a result of gradual joining, lead to creating bigger discontinuities which fulfill deformation criterion FPF (First Ply Failure) [1] . The accumulation of dissipated microcracks may lead to the cracks propagation which violate composite continuity. It is important from the point of view of strength properties of the tested material.
The differences observed in the course of researched characteristics result from the adopted methodology of research. In case of water absorption, clear increase in absorption value was notified for 50×10 3 of fatigue cycles (Fig. 12) . It is caused by the deformation condition of pipes during ageing-fatigue research in accordance with Fig. 1 . The samples were taken from the area with the largest deformation (Fig. 2a) , and in connection with that, the biggest structural changes were notified, which are the effect of microcracks creating capillaries absorbing water.
In case of ultrasonic research, conducted with the use of the echo method, the ultrasonic wave deflects from the first discontinuity encountered. Taking into account the fact that the largest hoop stresses appear on the internal surface of the pipe, in compliance with the Huber's hypothesis, the destruction of layers occurs at that side. The clear shortening of transition time of the ultrasonic wave at 80×10 3 fatigue cycles is the effect of the flaws appearing from the side of internal surface (Fig. 6 ). This method however, requires the access to the examined object. The results of the thermovision research confirm the structural changes in the material, however, the point of clear decrease in the heating or cooling rate cannot be decidedly determined (Fig. 11) . Macro-defects cause significant increase in the rate of heating or cooling (Fig. 9 ).
Conclusions
On the basis of the conducted research we can conclude that:
The transition time of the ultrasonic wave was in decrease to-1.
gether with the number of fatigue cycles. The applied echo method, taking advantage of longitudinal wave, allows identification of discontinuities appearing in plane which is perpendicular in relation to the direction of ultrasonic wave propagation. Changes in the heating and cooling rate, thermovisually regis-2.
tered (by the reflection method) in the adopted measurement conditions were in decrease together with the increase in the number of cycles. The main cause of such a phenomenon is the process of discontinuities accumulation which leads to delamination. The structural changes cause lowering of composite thermal properties (e.g. thermal conductivity coefficient).
In the area of macro defects the rapid shortening of ultrasonic 3.
wave trasition time occurs, which is not observed in case of micro discontinuities appearing gradually. Both the heating and cooling rate in the area of microdefects are in decrease. The process of microcracks accumulation leading to delamination in the final stage, results in the rapid increase of measured thermovision values. Distribution of measured thermovisual and ultrasonic values 4.
on the pipe circuit ( Fig. 3 and 8 ) are comparable and allow identification of the areas exposed to destruction. For the appropriate evaluation of the polymer composites deg-5.
radation level, non-destructive tests should be conducted by means of at least two methods, and the results should refer to standard sample, not subjected to the process of ageingfatigue degradation. The effect of progressing ageing-fatigue process of compos-6.
ite pipe shells were discontinuities in the structure, which resulted, first of all, fatigue load. Those defects influenced the increased water absorption in the examined composite. Water absorption in the final stage amounted to about 1.6%.
